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ABSTRACT
In this paper we present an extended set of nonlinear convective pulsation
models at varying the metallicity and ∆Y/∆Z ratio. The predicted instability
strip and bolometric light curves are discussed by comparing the new models
with our previous ones. In particular, the dependence on both metal and helium
abundances is investigated. By transforming the bolometric light curves into
the observational bands we are able to derive both Period-Color-Luminosity
and Wesenheit relations for each selected chemical composition. Synthetic
Period-Luminosity relations are obtained by populating the instability strip
according to specific assumptions on the number of pulsators and the mass
distribution. These theoretical results are compared with recent accurate data
by Sandage et al. and Kervella et al., in order to test the predictive capabilities
of the models. We confirm our previous results that the theoretical metallicity
correction to the Key Project Cepheid distance scale depends both on the period
range and ∆Y/∆Z ratio, becoming important for periods longer than 20 days
and ∆Y/∆Z > 1.5.
Subject headings: Stars: variables: Cepheids – Stars: oscillations –
Stars: distance scale
1. Introduction
Classical Cepheids are the most reliable primary distance indicators for Local Group
and (from the space) external galaxies, thanks to their characteristic period-luminosity-color
(PLC) and period-luminosity (PL) relations. Moreover, through the calibration of secondary
distance indicators, they allow us to reach cosmological distances (of the order of 100 Mpc),
thus providing fundamental constraints on the Hubble constant (see e.g. Freedman et al.
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2001, hereinafter F01; Saha et al. 2001). The problem of the dependence of the Cepheid
PL relation on chemical composition has been widely debated in the recent literature but
with quite different results, depending on the adopted method and the authors (see e.g.
Kennicutt et al. 1998, Fiorentino et al. 2002, Storm et al. 2004, Groenewegen et al. 2004,
Sakai et al. 2004, Romaniello et al. 2005). In the last few years we have studied the Cepheid
pulsation properties through the computation of nonlinear, nonlocal and time-dependent
convective pulsation models, which allow to predict all the relevant pulsational observables.
In particular, the nonlinearity and the inclusion of a detailed treatment of the coupling
between pulsation and convection allow these models to predict not only the periods and the
blue boundary of the instability strip, but also the pulsation amplitudes, the detailed light
and radial velocity curve morphology and the complete topology of the strip, including the
red edge which is caused by the pulsation quenching due to convection (see Bono, Marconi
& Stellingwerf 1999a, 2000a and references therein for details). On this basis, various sets of
Cepheid models have been computed with varying chemical composition (0.004 <Z< 0.04,
0.25 <Y< 0.33) and stellar mass from 2.8 M⊙ to 11 M⊙ (Bono et al. 1999b, 2000b, 2002b;
Fiorentino et al. 2002, hereinafter F02). For each chemical composition and mass, an
evolutionary mass-luminosity (ML) relation was adopted (see F02 for details) and a wide
range of effective temperature was explored. As a result, we have found that the Cepheid
properties, and in particular the location in the HR diagram of the instability strip and
the coefficients of the multiband PL relations, depend on the pulsator metallicity with the
amplitude of the effect decreasing from visual to near infrared magnitudes (Caputo, Marconi
& Musella, 2000a, hereinafter C00). In particular, as the model metallicity increases from
Z = 0.004 to Z = 0.03 the instability strip gets redder and the pulsator luminosity, at
fixed period, gets fainter (Bono et al. 1999b, Caputo et al. 2000b, F02). This result is
at variance with recent empirical evaluations of the metallicity effect (see e.g. Kennicutt
et al. 1998; F01) and relies on the assumption of ∆Y/∆Z = 2.5. Specific computations
for ∆Y/∆Z = 4.0 have shown that, at least for the higher metal contents (Z ≥ 0.008),
the location into the HR diagram of the Cepheid instability strip also depends on helium
abundance, moving toward higher effective temperature as Y increases, at fixed Z (F02).
On the basis of the above chemical composition dependent models, F02 have found that the
adoption of LMC based V and I PL relations to get distance moduli with an uncertainty
of ±0.1 mag is justified for variables with period shorter than 10 days. At longer periods,
a correction to LMC based distances maybe needed, whose sign and amount depend on
the helium and metal content of the Cepheids. In particular, model predictions were found
to account for the empirical metallicity correction suggested by Kennicutt et al. (1998),
provided that the adopted helium-to-metal enrichment ratio was about 3.5. Moreover, the
above models provide a fairly good description of the data obtained by Romaniello et al.
(2005, hereinafter R05), by relating the V band residuals from the PL relation adopted by
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the HST Key Project (F01) to spectroscopic iron abundances measured for 37 Galactic and
Magellanic Clouds Cepheids (see R05 for details). All the above results were essentially
based on 2 values (at most) of helium content for each fixed metal abundance and therefore
did not allow to properly investigate the helium effect on the whole metal content range of
observed Cepheids. In order to perform a more accurate analysis of combined helium and
metal effects, we extended our grid of models to other chemical compositions at varying
∆Y/∆Z. In this paper we show the results of these new computations and further discuss
the effect of chemical composition on Cepheid properties. In Sect. 2 we present the new
model set and combine the results with the previous ones to investigate the dependence of
the predicted pulsation observables on helium abundance and metallicity. In Sect. 3 the
theoretical PL, PLC and Wesenheit relations are presented, whereas in Sect. 4 and 5 we
discuss the comparison with recent observational data and the implication of the predictions
presented in the previous sections for the Cepheid distance scale.
2. The new models
By adopting the same code and physical and numerical assumptions as in previous
papers (Bono et al. 1999a, F02), we have computed new sequences of pulsation models
for the input parameters listed in Table 1. In particular these new models correspond to
different values of the ∆Y/∆Z parameter, ranging from 0.5 to 3.5. The upper limit is due
to the evidence that, as noticed in F02, for ∆Y/∆Z = 4 no model is found to pulsate at the
highest metallicities (Z ∼ 0.04) covered by Cepheids in HST galaxies. On the other hand,
∆Y/∆Z = 0.5 is below the lower limit of the evaluations found in the recent literature (see
e.g. Pagel & Portinari 1998, Pagel et al. 1992, Izotov, Thuan, & Lipovetsky 1997, Izotov &
Thuan 2004). For each selected mass, the luminosity level is chosen on the basis of the same
canonical evolutionary ML relation adopted in F02. For a detailed discussion of the effect
of the ML selection on Cepheid properties, we refer the interested reader to a companion
paper by Caputo et al. (2005, hereinafter C05). A wide range of effective temperatures is
explored for each model mass and the modal stability is investigated for the fundamental
mode. The first overtone mode pulsation is not studied in this paper because it is not
expected to be significant at the selected metallicity and mass ranges and because it is
known to be almost independent on chemical composition (see Bono et al. 2001, 2002b and
references therein for details).
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Table 1: Input parameters of the new pulsation models.
Y Z M/M⊙ logL/L⊙ ∆Y/∆Z
0.26 0.01 5.00 3.13 2.5
” ” 7.00 3.61 ”
” ” 9.00 3.98 ”
” ” 11.00 4.27 ”
0.25 0.02 5.00 3.00 1
” ” 7.00 3.49 ”
” ” 9.00 3.86 ”
” ” 11.00 4.15 ”
0.26 0.02 5.00 3.02 1.5
” ” 7.00 3.51 ”
” ” 9.00 3.88 ”
” ” 11.00 4.17 ”
0.275 0.03 5.00 3.00 1.5
” ” 7.00 3.49 ”
” ” 9.00 3.85 ”
” ” 11.00 4.14 ”
0.335 0.03 5.00 3.11 3.5
” ” 7.00 3.60 ”
” ” 9.00 3.97 ”
” ” 11.00 4.26 ”
0.25 0.04 5.00 3.06 0.5
” ” 7.00 3.55 ”
” ” 9.00 3.92 ”
” ” 11.00 4.21 ”
0.29 0.04 5.00 2.99 1.5
” ” 7.00 3.47 ”
” ” 9.00 3.84 ”
” ” 11.00 4.13 ”
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2.1. The instability strip
For each chemical composition, mass and luminosity level, model computations allowed
us to derive the blue (FBE) and red (FRE) edges of the fundamental instability strip.
The new strips are reported in Figs. 1 and 2 together with similar evaluations from our
previous model sets. In Fig. 1 we show the location of the predicted instability strip in
the HR diagram at fixed ∆Y/∆Z and for the labeled metal contents. This plot confirms
our previous results (see F02 and references therein) concerning the shift of the instability
strip toward lower effective temperatures, as the metal abundance increases from Z = 0.004
to Z = 0.03, and the narrowing of the strip when passing from Z = 0.03 to Z = 0.04.
The latter occurrence is due to the reduced efficiency of pulsation associated to the low
Hydrogen abundance for Z = 0.04 and Y = 0.29 or 0.33 (corresponding to ∆Y/∆Z = 1.5 or
2.5 respectively). In order to investigate the effect of varying the helium abundance at fixed
metallicity, in the three panels of Fig. 2 we show the location of the instability strip in the
HR diagram for Z = 0.02 (top), Z = 0.03 (middle) and Z = 0.04 (bottom) and the labeled
helium abundances. For Z = 0.04 we note a narrowing of the instability strip when Y
increases (and X decreases). The effect is less evident for the other two metal abundances.
In particular, for Z = 0.02 the FRE moves toward higher effective temperature as Y
increases from Y = 0.25 to Y = 0.31, confirming the result found by F02, but the helium
dependence of the FBE is much more complicated with a sort of to and fro behavior on the
explored Y range. This occurrence is related to the competing pulsation driving role of H
and He abundances in the associated ionization zones (see Bono et al. 1999a for details).
2.2. The light and radial velocity curves
One of the most important output of nonlinear pulsation codes is the predicted
variation of relevant quantities (luminosity, radial velocity, effective temperature, surface
gravity) along a model pulsation cycle. The bolometric light curves1 for the models quoted
in Table 1 are reported in Figs 3a-3g for each labeled mass and luminosity level. The
model period and effective temperature is also reported in each panel. We notice that
both the morphology and the amplitude of the curves vary with the position within the
instability strip and depend on the adopted chemical composition. This behavior confirms
our previous results (see Bono, Castellani & Marconi 2000b, Bono, Marconi & Stellingwerf
2000a, hereinafter BMS00). In particular, these plots support the empirical evidence for
Galactic Cepheids originally found by Sandage & Tammann (1968, 1971) and Cogan (1980),
1The radial velocity curves are also available upon request to the authors.
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and recently confirmed on the basis of a much larger sample of Cepheids by Sandage,
Tammann & Reindl (2004) and Tammann, Sandage & Reindl (2003), that, in the period
range logP ≈ 0.40− 0.86 and for logP > 1.1 − 1.3 the largest luminosity amplitudes
are attained close to the blue edge, while for 0.85 < logP < 1.1 − 1.3, the maximum
is attained close to the red edge as a consequence of a phenomenon called Hertzsprung
progression (HP) (Hertzsprung 1926; Ledoux & Walraven 1958). Classical Cepheids in the
period range 6 < P < 16 d show a secondary maximum (bump) along both the light and
the radial velocity curves. The HP is the relationship between the phase of this bump
and the pulsation period. In particular, for Galactic Cepheids the bump appears on the
descending branch of the light curve for Cepheids with periods up to ∼ 9 d, while it appears
close to maximum light for 9 < P < 12 d and moves at earlier phases for longer periods.
On the basis of this observational evidence this group of variables was christened “Bump
Cepheids”. As already obtained by BMS00 for 0.004 < Z < 0.02, inspection of Figs. 3a,
3b, 3c and 3f suggest that an increase in the metal content causes a shift of the HP center
toward shorter periods. In fact, as shown more in detail in Fig. 4, passing from Z = 0.01
Y = 0.26 (upper panel) to Z = 0.04 Y = 0.25 (bottom panel), for M/M⊙ = 7, the period
corresponding to the HP center moves from ∼ 10.5 d to ∼ 8.2 d, attaining ∼ 9.5 d for
Z = 0.02 Y = 0.25,0.26 (middle panels). We remind that this trend is in agreement with
the observations. In fact, empirical data for Galactic Cepheids suggest that the HP center
corresponds to a period PHP∼ 10.0 d (Moskalik, Buchler & Marom 1992; Moskalik et
al. 2000), whereas in the LMC (Z = 0.008) PHP∼ 10.5 d and in the SMC (Z = 0.004)
PHP∼ 11.0 d (Beaulieu 1998). Unfortunately, no empirical evidence is available for the
HP phenomenon in sovrasolar Cepheid samples. The bolometric light curves of the new
models were transformed into the observational bands (UBV RIJK) by means of the model
atmospheres by Castelli, Gratton & Kurucz (1997a,b) and mean magnitudes and colors
were then derived for each chemical composition and stellar mass. In Table 2 we report
the model periods and intensity weighted mean magnitudes, but magnitude averaged values
are also available upon request to the authors. The static magnitude values2 have also
been derived and used to obtain the boundaries of the instability strip, at each chemical
composition, in the various period-magnitude planes and, in turn, to construct synthetic
multiband PL relations (see below).
2For static magnitude we mean the magnitude the star would have were it not pulsating
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3. Predicted Cepheid relations
The results presented in the previous section allow us to derive all the relevant relations
connecting the pulsation period to mean magnitudes and colors, as well as synthetic PL
relations, following the same procedure as in our previous papers (see Caputo et al. 2000a,
hereinafter C00,F02).
3.1. PLC and Wesenheit relations
Linear regression through the period and magnitude values reported in Table 2 provides
the multiband PLC relations given in Table 3. In the same table we also report the PLC
coefficients of our previous model sets. Similarly, the coefficients of the reddening free
Wesenheit relations (see C00 and references therein) are reported in Table 4. These are
defined by using the ratios between total extinction and the various color excesses given
by Cardelli et al. (1989). In agreement with the recent empirical evidence by Ngeow &
Kanbur (2005), we find that the predicted Wesenheit relations are well represented by
linear functions, at variance with PL (see below) and Period-Color (see C00) relations. We
notice that, even if PLC and Wesenheit relations have the advantage of being independent
on the distribution of pulsators within the instability strip, holding for each individual star
as a result of its period-density relation and black body behavior, they heavily rely on the
assumption of an evolutionary ML relation. Without this assumption we would obtain
tight mass-dependent PLC and Wesenheit relations (see C05) which allow to provide sound
constraints on the pulsation mass of each individual Cepheid, once known the absolute
magnitudes and the intrinsic colors, and, by comparison with evolutionary masses, to give
an estimate of mass-loss during or before the Cepheid phase. The interested reader is
referred to C05 for a detailed and updated investigation of this problem. Here we only
notice that if we used a non-canonical mass-luminosity relation3 the PLC relations would
provide absolute magnitudes brighter than the ones obtained with the relations reported in
Table 4 by ∼ 0.2 mag.
3By non-canonical we mean based on evolutionary models including a mild core overshooting during
the hydrogen burning phase (see Chiosi, Wood & Capitanio, 1993). In this scenario the luminosity level is
brighter than the canonical case by 0.25 dex.
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3.2. Synthetic PL relations
PL relations are well known to depend on the topology of the instability region and on
the distribution of pulsators within the strip. For this reason we did not use the individual
models but we populated the predicted instability strip by adopting the procedure suggested
by Kennicutt et al. (1998) and already used by C00 and F02. In particular, 1000 pulsators
were uniformly distributed from the blue to the red boundary of the instability strip, with
a mass law as given by dn/dm = m−3 over the mass range 5-11M⊙ (see C00 for further
details). The resulting synthetic distributions for the new model sequences are shown in
Fig. 5. Inspection of these plots confirms the evidence shown in previous papers (Bono et
al. 1999b; C00) that moving toward the shorter wavelengths the Mλ − logP distribution
of fundamental pulsators with periods longer than ∼ 3 days is much better represented by
a quadratic relation with a clear dependence on both metallicity and the intrinsic width
of the instability strip. On the other hand J and K band period-magnitude distributions
are remarkably narrow, linear and only slightly dependent on chemical composition. The
resulting synthetic multiband (BV RIJK) PL relations are given in Table 5 and Table 6
(quadratic and linear solutions, respectively) and overplotted as solid and dashed lines in
each panel of the quoted figure. However, we wish to remind that, as remarked in C00, the
present solutions refer to a specific pulsator distribution and that different populations may
modify the results. In particular, if the longer periods (logP ≥1.5) are rejected in the final
fit, then the predicted linear PL relations become steeper and the intrinsic dispersion in the
BV R bands is reduced (see Table 7). Such a selection was also adopted by F02 because the
slope of the predicted linear PLV and PLI relations for Cepheids with period logP ≤1.5
and the metallicity of the LMC (Z = 0.008) was found to be −2.75± 0.02 and −2.98± 0.01,
respectively, in very good agreement with the values (−2.77±0.03 and −2.98±0.02) inferred
from the huge sample of LMC Cepheids in the OGLE-II catalog (Udalski 2000).
4. Theory versus observations
In order to test the predictive capabilities of current pulsation models, in this section
we compare the theoretical multiband PL relations with recent observations for Cepheids
belonging to the Milky Way and the LMC.
In the recent papers by Tammann, Sandage & Reindl (2003, hereinafter S03) and
Sandage, Tammann & Reindl (2004, hereinafter S04), accurate BV I Period-Color (PC),
PL and PLC relations are derived on the basis of large databases for Galactic and LMC
Cepheids, respectively. These authors show that the PL relations for Cepheids in the
Galaxy, LMC and SMC have significantly different slopes (S03), and in particular S04
4 THEORY VERSUS OBSERVATIONS 9
report about the experimental evidence of a change of the slope (a break) of the PL relation
for the LMC Cepheids near 10 days. This last result is supported by the broken PC relation
for the LMC Cepheids showed in S04. Indeed, any nonlinearity of the PC relations must be
reflected in the PL relation. These results represent an important tool to test the accuracy
of current model predictions concerning both the nonlinearity of optical PL relations and
the dependence of Cepheid properties on metal abundance.
As for the first point, the theoretical evidence for the nonlinearity of BV I PL and
PC relations was already reported in our previous papers (see e.g. Bono et al. 1999b,
C00) and for this reason we usually adopt linear PL relations for logP ≤ 1.5 (see previous
section). In particular, Fig. 4 in C00 shows that the nonlinear behavior of the PC relation
is more evident for Z = 0.004 and Z = 0.008 (representative of the LMC and SMC
metallicity respectively), whereas it is significantly reduced for Z = 0.02 (representative
of the metallicity of Galactic Cepheids). This result is in agreement with S03 and S04
that found the break at 10 days only for the LMC Cepheids. On this basis, in order to
compare our results with the data presented by S04, we also derived the theoretical linear
PL relations for logP ≤ 1.0 and logP > 1.0, for the metal abundances Z = 0.004 and
Z = 0.008. These theoretical relations are compared with the S04 LMC sample in Fig. 6.
In this plot dots represent the OGLE sample selected as in S04 and open circles the longer
period Cepheids collected by S04 from several sources (see S04 for details). Solid lines show
the fits for logP < 1.0 and logP > 1.0 obtained by S04 (by using both samples), whereas
short and long dashed lines represent the theoretical PL relations for Z = 0.004 and
Z = 0.008 respectively, with the same period selection. We also plotted the theoretical PL
relations for Z = 0.004 in order to take into account the significant metallicity dispersion
of LMC Cepheids (Luck et al. 1998) and the results by Bono et al. (1999b) that at longer
periods the observed distribution of LMC Cepheids in the period-magnitude diagram is
better represented by the theoretical one for Z = 0.004 (see Bono et al. 1999b for details).
Inspection of Fig. 6 and of Tables 7 and 8 suggests that the slopes obtained for Z = 0.004
and Z = 0.008 in the two period ranges are similar. However, the B and V PL relations
for Z = 0.008 are systematically fainter than the observational one, which shows a better
agreement with the model predictions for Z = 0.004. On the other hand, in the I band
we have a very good agreement between the empirical fits and the relations for Z = 0.008,
whereas the relations for Z = 0.004 seem to be systematically brighter.
In order to investigate the dependence of Cepheid properties on metallicity, in Fig. 7
we plot the S04 Galactic sample with our PL relations for Z = 0.02 and Z = 0.01. Open
circles represent the S04 sample with distances from Baade-Becker-Wesselink expansion
parallaxes and filled circles indicate the S04 sample with distances from cluster/associations
Cepheids (see S04 for details). The solid line represents the S04 fit (obtained by using both
4 THEORY VERSUS OBSERVATIONS 10
the samples, see S04 for details), the long dashed line is our PL relation (for logP ≤ 1.5)
for Z = 0.01, Y = 0.26 and the other lines are the PL relations (for logP ≤ 1.5) for
Z = 0.02 and the labeled values of the Helium content. Our theoretical relations are flatter
than the S04 one, but a better agreement with the data is found when we consider the
model predictions for Z = 0.01, Y = 0.26 and Z = 0.02 and Y = 0.25,0.26, at least for
logP ≤ 1.5. For the other chemical compositions, the discrepancy is particularly evident
at the longer periods and for the B and V bands. In this context, we remind that current
comparisons rely on the assumption of static model atmospheres and that theoretical colors
can be affected by systematic uncertainties. Moreover, the B and V PL relations are very
sensitive to the topology of the instability strip and, in turn, to the adopted input physics
and to the treatment of convection in the pulsation models (see below). The effects of
these uncertainties are likely more important for long period expanded structures. The
better agreement obtained for models with Z = 0.01 supports the recent suggestions by
Asplund, Grevesse & Sauval (2005) that the solar metallicity is lower (Z ≃ 0.01) than
usually adopted (Z = 0.02).
Finally, we consider the interferometric results for seven Galactic Cepheids by Kervella
et al. (2004a,b,c), which are a subsample of the S04 dataset, but only with V and K band
observations. These authors have presented accurate radius and distance determinations
based on interferometric measurements of the angular diameter. On this basis they have
derived new period-radius, as well as V and K band PL relations (Kervella et al. 2004b,
hereinafter K04b) by assuming the slopes by Gieren et al. (1998). All these objects have
metal abundance close to the solar one. For lCar the metal abundance reported by K04b is
about twice the solar value, but the recent spectroscopic measurement by R05 suggests a
solar value also for this object. In Fig. 8 we show the comparison between our predicted
K band (upper panel) and V band (lower panel) PL relations (for logP ≤1.5, see Table
7) at solar metallicity with the labeled helium abundances and the interferometric results
by K04b. The intrinsic dispersion of the theoretical relations is represented by the vertical
error bar in the labels, whereas the solid line represents the empirical PL relation obtained
by fitting the data. For ηAql (logP = 0.8559) we have reported both the determinations
used by K04b. Moreover, for variable lCar, the revised magnitude values by K04c, based
on a more accurate interferometric determination of radius and distance, are also reported
(empty circle)4. An inspection of this figure shows that in the K band our theoretical
relations are able to reproduce the data within the errors, whereas in the V band the
4In C05 we discussed the possibility that lCar is a peculiar variable star. Indeed, on the basis of the
comparison between the pulsational and evolutionary masses, it seems to be an object on the first crossing
of the instability strip.
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predicted PL relations are fainter than the empirical one and fail to match the location of
the two pulsators with the smallest error on the absolute magnitude. In Fig. 9, we also
compare K04b data with the theoretical relation at Z = 0.01. We notice that, as already
found for the comparison with S04 data, model predictions at this lower metal abundance
better reproduce the interferometric results for Galactic Cepheids.
The discrepancies found in the comparison with the observational data by S04 and
K04abc can be due, at least in part, to the uncertainties still affecting the adopted
theoretical scenario. In particular we remind that current models are based on specific
assumptions concerning both the evolutionary ML relations (see Bono et al. 1999a, 2000c,
C05 for details) and the value of the mixing length (α) parameter adopted in the treatment
of convection to close the system of nonlinear dynamical and convective equations (see
Bono & Stellingwerf 1994, Bono et al. 1999a). For the former point we refer the interested
reader to the detailed discussion by C05. As for the mixing length parameter, even if recent
results based on the theoretical fitting of observed Cepheid light curves suggest that the
value of the α parameter should increase when moving from the blue to the red boundary
of the instability strip (see Bono, Castellani & Marconi 2002a), in agreement with recent
results obtained from the modeling of RR Lyrae stars (see e.g. Di Criscienzo, Marconi &
Caputo 2004), all the models presented and adopted in this paper have been computed
with α = 1.5. Specific model sets at Z = 0.02 Y = 0.28 and Z = 0.01 Y = 0.26 computed,
by increasing α from 1.5 to 1.8, show that the instability strip gets significantly narrower
with the red boundary getting bluer by at least 300-400 K and a smaller redward shift of
the blue boundary. This occurrence is due to the higher sensitivity of the red part of the
instability strip to the efficiency of the convective transfer. On the basis of these results
and taking into account the possibility that the α value is different at the blue and red
edge of the strip, we expect that the PL relation may become brighter and steeper when α
increases.
5. Metallicity and helium effects on the predicted distance scale
In order to test the results presented by F02 concerning the combined metallicity and
helium effects on the Cepheid distance scale and provide a refined theoretical correction,
we applied the same procedure adopted by the quoted authors to our extended model set.
In particular, we considered our models with the various chemical composition as real
Cepheids at the fixed distance modulus µ0 = 0 mag. By applying the predicted linear V and
I band PL relations with Z = 0.008 and Y = 0.25 for logP ≤ 1.5, we determined the value
µ0,0.008 for all the pulsators. This method simulates the HST Key project procedure (e.g.
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F01) which uses observations in the two bands V and I and adopts the LMC PL relations
as universal (F01, Udalski et al. 1999). In this context, we adopted µV − µI = E(V − I)
and AI/E(V − I) = 1.54 from Cardelli et al. (1989). The derived µ0,0.008 values confirm the
results by F02: a) for periods shorter than 10 days, the discrepancy between µ0,0.008 and the
real value (µ0 = 0 mag) is small enough (< 0.1 mag) to support the adoption of universal
LMC-referenced PL linear relations; b) for periods longer than 10 days, the discrepancy is
larger than 0.1 mag (up to 0.3 mag for Z = 0.02 and Y = 0.28 and period longer than
20 days) over the range Z ∼ 0.01 − 0.04, so that a correction is required. In particular
a dependence on chemical composition of the form suggested by F02 for longer period
Cepheids is also found on the basis of the extended model set presented in this paper. The
mean correction for logP ≥ 1.0 is
c = −3.642 + 11.511Y − 1.697 logZ + 5.334Y logZ
whereas for Cepheid samples with logP ≥ 1.3 the mean correction is better reproduced by:
c = −5.894 + 18.141Y − 2.792 logZ + 8.576Y logZ
both with an intrinsic uncertainty of ±0.02mag and by assuming ∆Y/∆Z > 1.5 (see Fig.
10). For ∆Y/∆Z ≤ 1.5 the dependence is more complicated but the correction is always
lower than 0.1 mag and can be neglected as in the case of shorter periods. We also remind
that on the basis of current estimates in the literature, we do not expect such low values
for the ∆Y/∆Z parameter (Izotov & Thuan, 2004 and references therein). As shown in
Fig. 10, the predicted mean metallicity correction implies that pulsators get fainter as their
metallicity increases until a turnover point is reached close to the solar metal abundance.
Such a behavior was already mentioned to be in agreement with the recent spectroscopic
results by R05 and to reproduce the empirical metallicity correction by Kennicutt et al.
(1998) for ∆Y/∆Z ∼ 3.5. We also notice that the mean correction gets smaller when the
lowest period of the investigated sample decreases from 20 (lower panel) to 10 days (upper
panel). In particular, the mean correction for logP ≥ 1 is higher than 0.1 mag only at
the highest metallicities (Z ≥ 0.03) and ∆Y/∆Z values (≥ 3). On the other hand, if the
Cepheid periods are longer than or equal to 20 days, the mean correction is larger than 0.1
mag on a wide range of metallicities and helium contents.
6. Conclusions
We have presented an extended set of nonlinear convective pulsation models at varying
the metallicity and ∆Y/∆Z ratio. On this basis, we obtain the following main results:
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1. we have confirmed our previous results concerning the shift of the instability strip
toward lower effective temperatures as the metal abundance increases at fixed
∆Y/∆Z, at least up to Z = 0.03. At the same time, when passing from Z = 0.03 to
Z = 0.04, the strip narrows due to the reduced efficiency of pulsation. The effect of
variation of the helium abundance at fixed metallicity is lower than the one obtained
by varying the metallicity at fixed ∆Y/∆Z. In particular, the fundamental red edge
slightly moves toward higher effective temperatures as the helium content increases,
whereas the fundamental blue edge does not show a clear trend;
2. inspection of the bolometric light curves, in the period range affected by the HP
phenomenon, shows that passing from Z = 0.01 to Z = 0.04 the period corresponding
to the HP center moves from ∼10.5 d to ∼8.2 d, in agreement with the empirical
evidence of a decrease of PHP as the metallicity increases and with our previous
theoretical results for Z ≤ 0.02;
3. a comparison with the large database of Galactic and LMC Cepheids by Sandage et
al. and Tamman et al. shows that, in agreement with the conclusions of these authors,
the BV I PL relations for LMC pulsators are well reproduced by linear theoretical
relations with a break at logP = 1. As for the dependence on metallicity, we find that
our theoretical PL relations for Z = 0.02 are generally flatter than the empirical ones
for Galactic Cepheids, with the discrepancy increasing toward the longer periods. A
good agreement is obtained when, on the basis of suggestions in the recent literature,
Z = 0.01 is assumed as solar metal abundance in the models;
4. a comparison with recent accurate interferometric results by Kervella et al. shows
that in the K band our theoretical period-luminosity relations are able to reproduce
the data within the errors, whereas in the V band the predicted PL relations are
fainter than the empirical one. Among the possible reasons for such a discrepancy, as
well as for the one quoted in the previous point, we have identified the uncertainty on
the mixing length parameter adopted in the treatment of convection and on the value
of the solar metallicity;
5. we have derived the theoretical correction to the distance moduli inferred with the
HST Key project procedure, when the effect of metallicity and helium abundance are
taken into account. We find that this effect is smaller than 10% and can be neglected
for Cepheid samples with logP < 1.0 and for ∆Y/∆Z ≤ 1.5. For longer periods and
higher ∆Y/∆Z values, the dependence of the mean theoretical correction on chemical
composition has the same analytical form of the one found by F02, but it is shown to
become important only for periods longer than 20 days.
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Table 2. Intrinsic Parameters and Intensity-averaged Mean Magnitudes and Colors for all
adopted chemical composition.
M/M⊙ L/L⊙ Te (K) logP MV B − V
a V − Ra V − Ia V − Ja V −Ka
Z = 0.01, Y = 0.26
5 3.130 5800 0.5847 -3.0322 0.5739 0.3317 0.6752 1.0939 1.4809
5 3.130 5700 0.6084 -3.0135 0.6145 0.3498 0.7091 1.1478 1.5539
5 3.130 5600 0.6344 -2.9952 0.6563 0.3675 0.7421 1.2007 1.6252
5 3.130 5500 0.6598 -2.9758 0.6987 0.3851 0.7746 1.2533 1.6965
5 3.130 5400 0.6862 -2.9553 0.7414 0.4024 0.8067 1.3057 1.7676
5 3.130 5300 0.7126 -2.9338 0.7845 0.4193 0.8384 1.3582 1.8386
7 3.610 5900 0.8707 -4.2567 0.5564 0.3195 0.6485 1.0415 1.3950
7 3.610 5800 0.8961 -4.2404 0.5825 0.3326 0.6748 1.0883 1.4647
7 3.610 5700 0.9217 -4.2222 0.6148 0.3480 0.7045 1.1399 1.5387
7 3.610 5600 0.9483 -4.2022 0.6564 0.3661 0.7384 1.1954 1.6151
7 3.610 5500 0.9744 -4.1810 0.7006 0.3848 0.7729 1.2517 1.6919
7 3.610 5400 1.0011 -4.1579 0.7473 0.4037 0.8080 1.3090 1.7699
7 3.610 5300 1.0274 -4.1344 0.7967 0.4228 0.8432 1.3657 1.8456
7 3.610 5200 1.0566 -4.1077 0.8439 0.4416 0.8779 1.4248 1.9252
7 3.610 5100 1.0870 -4.0730 0.8814 0.4596 0.9128 1.4917 2.0222
7 3.610 5000 1.1169 -4.0350 0.9205 0.4784 0.9493 1.5609 2.1226
7 3.610 4900 1.1467 -3.9978 0.9616 0.4971 0.9849 1.6264 2.2156
9 3.980 5600 1.1977 -5.1335 0.6747 0.3699 0.7429 1.1951 1.6066
9 3.980 5500 1.2254 -5.1085 0.6897 0.3810 0.7673 1.2496 1.6910
9 3.980 5400 1.2560 -5.0792 0.7139 0.3958 0.7978 1.3110 1.7838
9 3.980 5300 1.2847 -5.0492 0.7472 0.4131 0.8320 1.3753 1.8776
9 3.980 5200 1.3143 -5.0149 0.7944 0.4344 0.8722 1.4460 1.9772
9 3.980 5100 1.3430 -4.9801 0.8514 0.4576 0.9145 1.5162 2.0723
9 3.980 5000 1.3856 -4.9386 0.9166 0.4827 0.9597 1.5900 2.1699
9 3.980 4900 1.4005 -4.9089 0.9705 0.5029 0.9964 1.6502 2.2503
9 3.980 4800 1.4289 -4.8724 1.0274 0.5242 1.0350 1.7145 2.3348
9 3.980 4700 1.4593 -4.8305 1.0816 0.5458 1.0748 1.7834 2.4277
9 3.980 4600 1.4894 -4.7834 1.1299 0.5673 1.1151 1.8556 2.5283
9 3.980 4500 1.5178 -4.7380 1.1799 0.5883 1.1538 1.9234 2.6203
11 4.270 5400 1.4504 -5.8157 0.7724 0.4082 0.8137 1.3105 1.7611
11 4.270 5300 1.4813 -5.7839 0.7911 0.4222 0.8427 1.3726 1.8546
11 4.270 5200 1.5123 -5.7477 0.8176 0.4384 0.8760 1.4409 1.9574
11 4.270 5100 1.5425 -5.7104 0.8591 0.4582 0.9144 1.5119 2.0596
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Table 2—Continued
M/M⊙ L/L⊙ Te (K) logP MV B − V
a V − Ra V − Ia V − Ja V −Ka
11 4.270 5000 1.5738 -5.6706 0.9128 0.4811 0.9568 1.5855 2.1614
11 4.270 4900 1.6043 -5.6298 0.9693 0.5041 0.9991 1.6581 2.2608
11 4.270 4800 1.6334 -5.5870 1.0279 0.5273 1.0418 1.7306 2.3591
11 4.270 4700 1.6633 -5.5447 1.0855 0.5503 1.0839 1.8024 2.4564
11 4.270 4600 1.6922 -5.4944 1.1422 0.5736 1.1266 1.8762 2.5563
11 4.270 4500 1.7220 -5.4440 1.1972 0.5967 1.1692 1.9501 2.6567
11 4.270 4400 1.7517 -5.3939 1.2478 0.6186 1.2100 2.0214 2.7538
11 4.270 4300 1.7827 -5.3392 1.2984 0.6415 1.2527 2.0958 2.8552
11 4.270 4200 1.8114 -5.2890 1.3422 0.6620 1.2908 2.1619 2.9452
Z = 0.02, Y = 0.25
5 3.000 5700 0.5022 -2.6969 0.6616 0.3592 0.7103 1.1472 1.5405
5 3.000 5600 0.5287 -2.6769 0.7054 0.3778 0.7444 1.2030 1.6148
5 3.000 5500 0.5548 -2.6564 0.7513 0.3965 0.7781 1.2581 1.6877
5 3.000 5400 0.5817 -2.6331 0.7962 0.4150 0.8115 1.3147 1.7635
5 3.000 5300 0.6076 -2.6089 0.8423 0.4335 0.8447 1.3714 1.8385
7 3.490 5600 0.8535 -3.9169 0.7181 0.3788 0.7450 1.1982 1.6020
7 3.490 5500 0.8798 -3.8934 0.7574 0.3963 0.7772 1.2553 1.6805
7 3.490 5400 0.9049 -3.8685 0.8021 0.4152 0.8111 1.3143 1.7604
7 3.490 5300 0.9340 -3.8414 0.8511 0.4352 0.8467 1.3759 1.8425
7 3.490 5200 0.9609 -3.8122 0.8994 0.4549 0.8820 1.4383 1.9255
7 3.490 5100 0.9884 -3.7804 0.9490 0.4751 0.9173 1.5024 2.0104
7 3.490 5000 1.0182 -3.7448 0.9958 0.4949 0.9520 1.5692 2.1012
7 3.490 4900 1.0470 -3.7038 1.0387 0.5144 0.9874 1.6400 2.2005
7 3.490 4800 1.0767 -3.6618 1.0851 0.5345 1.0236 1.7102 2.2970
9 3.860 5300 1.1854 -4.7644 0.8238 0.4286 0.8363 1.3758 1.8501
9 3.860 5200 1.2143 -4.7291 0.8494 0.4445 0.8669 1.4426 1.9492
9 3.860 5100 1.2437 -4.6901 0.8903 0.4648 0.9045 1.5157 2.0536
9 3.860 5000 1.2736 -4.6481 0.9407 0.4875 0.9456 1.5915 2.1588
9 3.860 4900 1.3035 -4.6050 1.0006 0.5118 0.9889 1.6673 2.2609
9 3.860 4800 1.3328 -4.5619 1.0651 0.5364 1.0320 1.7410 2.3573
9 3.860 4700 1.3613 -4.5177 1.1260 0.5601 1.0732 1.8132 2.4513
9 3.860 4600 1.3912 -4.4706 1.1857 0.5836 1.1142 1.8868 2.5471
9 3.860 4500 1.4219 -4.4199 1.2427 0.6070 1.1555 1.9622 2.6466
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Table 2—Continued
M/M⊙ L/L⊙ Te (K) logP MV B − V
a V − Ra V − Ia V − Ja V −Ka
9 3.860 4400 1.4524 -4.3675 1.2942 0.6296 1.1962 2.0366 2.7459
11 4.150 5000 1.4715 -5.3850 0.9853 0.4940 0.9522 1.5839 2.1276
11 4.150 4900 1.5014 -5.3387 1.0264 0.5146 0.9904 1.6610 2.2382
11 4.150 4800 1.5322 -5.2908 1.0783 0.5376 1.0323 1.7393 2.3469
11 4.150 4700 1.5643 -5.2368 1.1336 0.5627 1.0779 1.8237 2.4640
11 4.150 4600 1.5950 -5.1810 1.1900 0.5879 1.1235 1.9068 2.5781
11 4.150 4500 1.6266 -5.1236 1.2465 0.6131 1.1690 1.9894 2.6903
11 4.150 4400 1.6587 -5.0685 1.3019 0.6370 1.2119 2.0666 2.7928
11 4.150 4300 1.6904 -5.0184 1.3603 0.6597 1.2516 2.1373 2.8815
Z = 0.02, Y = 0.26
5 3.024 5800 0.4997 -2.7808 0.6287 0.3437 0.6814 1.0969 1.4708
5 3.024 5700 0.5247 -2.7629 0.6712 0.3619 0.7148 1.1503 1.5418
5 3.024 5600 0.5498 -2.7453 0.7142 0.3795 0.7468 1.2016 1.6095
5 3.024 5500 0.5760 -2.7252 0.7570 0.3972 0.7787 1.2543 1.6801
5 3.024 5400 0.6015 -2.7050 0.8000 0.4144 0.8097 1.3057 1.7480
7 3.512 5700 0.8450 -3.9926 0.6671 0.3584 0.7081 1.1418 1.5287
7 3.512 5600 0.8700 -3.9719 0.7109 0.3771 0.7422 1.1982 1.6044
7 3.512 5500 0.8972 -3.9494 0.7591 0.3967 0.7777 1.2561 1.6815
7 3.512 5400 0.9237 -3.9252 0.8059 0.4160 0.8123 1.3146 1.7597
7 3.512 5300 0.9503 -3.8995 0.8520 0.4349 0.8461 1.3731 1.8376
7 3.512 5200 0.9783 -3.8718 0.9005 0.4542 0.8806 1.4328 1.9158
7 3.512 5100 1.0048 -3.8410 0.9451 0.4731 0.9136 1.4944 1.9989
7 3.512 5000 1.0352 -3.8025 0.9852 0.4918 0.9476 1.5641 2.0974
7 3.512 4900 1.0619 -3.7715 1.0357 0.5111 0.9800 1.6228 2.1727
9 3.878 5500 1.1442 -4.8652 0.7425 0.3919 0.7696 1.2533 1.6811
9 3.878 5400 1.1725 -4.8352 0.7697 0.4076 0.7995 1.3160 1.7723
9 3.878 5300 1.2016 -4.8019 0.8101 0.4271 0.8356 1.3851 1.8696
9 3.878 5200 1.2308 -4.7657 0.8578 0.4487 0.8747 1.4576 1.9701
9 3.878 5100 1.2590 -4.7290 0.9069 0.4701 0.9130 1.5277 2.0663
9 3.878 5000 1.2875 -4.6910 0.9618 0.4925 0.9530 1.5983 2.1616
9 3.878 4900 1.3159 -4.6542 1.0232 0.5153 0.9925 1.6649 2.2477
9 3.878 4800 1.3434 -4.6168 1.0795 0.5367 1.0296 1.7298 2.3319
9 3.878 4700 1.3727 -4.5788 1.1353 0.5576 1.0656 1.7939 2.4139
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Table 2—Continued
M/M⊙ L/L⊙ Te (K) logP MV B − V
a V − Ra V − Ia V − Ja V −Ka
9 3.878 4600 1.4012 -4.5405 1.1906 0.5776 1.0998 1.8562 2.4926
11 4.171 5300 1.4007 -5.5445 0.8462 0.4333 0.8431 1.3778 1.8441
11 4.171 5200 1.4310 -5.5073 0.8760 0.4504 0.8752 1.4478 1.9457
11 4.171 5100 1.4610 -5.4690 0.9252 0.4720 0.9140 1.5207 2.0465
11 4.171 5000 1.4912 -5.4291 0.9786 0.4942 0.9539 1.5937 2.1460
11 4.171 4900 1.5197 -5.3866 1.0320 0.5166 0.9940 1.6674 2.2466
11 4.171 4800 1.5494 -5.3412 1.0870 0.5397 1.0352 1.7427 2.3486
11 4.171 4700 1.5794 -5.2951 1.1420 0.5625 1.0756 1.8163 2.4473
11 4.171 4600 1.6088 -5.2474 1.1951 0.5848 1.1154 1.8893 2.5453
11 4.171 4500 1.6387 -5.1969 1.2481 0.6073 1.1557 1.9634 2.6448
11 4.171 4400 1.6680 -5.1480 1.2980 0.6287 1.1940 2.0335 2.7382
11 4.171 4300 1.6974 -5.1023 1.3460 0.6483 1.2292 2.0976 2.8215
Z = 0.03, Y = 0.275
5 2.997 5800 0.4842 -2.7230 0.6495 0.3676 0.6978 1.0950 1.4588
5 2.997 5700 0.5089 -2.7044 0.6868 0.3853 0.7300 1.1487 1.5320
5 2.997 5600 0.5343 -2.6839 0.7295 0.4044 0.7642 1.2045 1.6067
5 2.997 5500 0.5601 -2.6612 0.7743 0.4242 0.7991 1.2619 1.6832
5 2.997 5400 0.5865 -2.6364 0.8202 0.4442 0.8345 1.3205 1.7612
5 2.997 5300 0.6123 -2.6098 0.8662 0.4639 0.8697 1.3799 1.8398
5 2.997 5200 0.6399 -2.5814 0.9125 0.4833 0.9043 1.4397 1.9187
7 3.486 5400 0.9110 -3.8632 0.8374 0.4469 0.8382 1.3212 1.7557
7 3.486 5300 0.9381 -3.8350 0.8810 0.4664 0.8732 1.3829 1.8384
7 3.486 5200 0.9657 -3.8039 0.9261 0.4864 0.9090 1.4470 1.9246
7 3.486 5100 0.9939 -3.7693 0.9666 0.5057 0.9442 1.5144 2.0180
7 3.486 5000 1.0238 -3.7304 1.0048 0.5255 0.9811 1.5862 2.1208
7 3.486 4900 1.0534 -3.6878 1.0451 0.5466 1.0202 1.6606 2.2273
7 3.486 4850 1.0680 -3.6645 1.0676 0.5579 1.0410 1.6990 2.2814
7 3.486 4750 1.0977 -3.6170 1.1208 0.5813 1.0829 1.7734 2.3808
9 3.852 5100 1.2434 -4.6794 0.9333 0.4984 0.9351 1.5179 2.0343
9 3.852 5000 1.2742 -4.6367 0.9723 0.5195 0.9747 1.5938 2.1431
9 3.852 4900 1.3027 -4.5936 1.0279 0.5438 1.0181 1.6689 2.2449
9 3.852 4800 1.3330 -4.5447 1.0931 0.5710 1.0659 1.7498 2.3521
9 3.852 4700 1.3628 -4.4950 1.1554 0.5972 1.1119 1.8286 2.4556
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Table 2—Continued
M/M⊙ L/L⊙ Te (K) logP MV B − V
a V − Ra V − Ia V − Ja V −Ka
9 3.852 4600 1.3921 -4.4444 1.2130 0.6220 1.1562 1.9055 2.5575
9 3.852 4500 1.4237 -4.3866 1.2722 0.6486 1.2041 1.9893 2.6691
9 3.852 4400 1.4552 -4.3275 1.3248 0.6744 1.2513 2.0710 2.7795
11 4.144 4900 1.5031 -5.3324 1.1048 0.5576 1.0323 1.6670 2.2087
11 4.144 4800 1.5364 -5.2787 1.1247 0.5757 1.0697 1.7493 2.3352
11 4.144 4700 1.5666 -5.2236 1.1692 0.5995 1.1148 1.8334 2.4552
11 4.144 4600 1.5988 -5.1656 1.2220 0.6255 1.1629 1.9189 2.5742
11 4.144 4500 1.6311 -5.1032 1.2779 0.6527 1.2132 2.0073 2.6958
11 4.144 4400 1.6623 -5.0370 1.3324 0.6804 1.2648 2.0970 2.8194
11 4.144 4300 1.6943 -4.9686 1.3862 0.7085 1.3171 2.1866 2.9418
11 4.144 4200 1.7252 -4.8985 1.4363 0.7365 1.3700 2.2751 3.0633
11 4.144 4100 1.7582 -4.8292 1.4847 0.7648 1.4227 2.3604 3.1791
Z = 0.03, Y = 0.335
5 3.113 5600 0.6332 -2.9768 0.7434 0.4078 0.7683 1.2049 1.6029
5 3.113 5500 0.6590 -2.9541 0.7842 0.4263 0.8016 1.2616 1.6795
5 3.113 5400 0.6854 -2.9292 0.8282 0.4457 0.8365 1.3202 1.7580
5 3.113 5300 0.7122 -2.9021 0.8731 0.4651 0.8714 1.3804 1.8381
7 3.603 5300 1.0387 -4.1275 0.8877 0.4676 0.8749 1.3832 1.8360
7 3.603 5200 1.0689 -4.0922 0.8880 0.4783 0.8992 1.4520 1.9468
7 3.603 5100 1.0989 -4.0560 0.9310 0.4995 0.9382 1.5239 2.0479
7 3.603 5000 1.1279 -4.0156 0.9812 0.5225 0.9796 1.5976 2.1489
7 3.603 4900 1.1579 -3.9710 1.0418 0.5477 1.0238 1.6730 2.2479
7 3.603 4800 1.1838 -3.9276 1.0940 0.5706 1.0644 1.7438 2.3429
7 3.603 4700 1.2134 -3.8834 1.1654 0.5960 1.1073 1.8152 2.4288
9 3.968 4900 1.4080 -4.8924 1.1006 0.5571 1.0322 1.6684 2.2130
9 3.968 4800 1.4390 -4.8430 1.1405 0.5782 1.0721 1.7479 2.3266
9 3.968 4700 1.4703 -4.7902 1.1872 0.6015 1.1155 1.8294 2.4409
9 3.968 4600 1.4986 -4.7334 1.2301 0.6252 1.1605 1.9122 2.5595
9 3.968 4500 1.5328 -4.6755 1.2915 0.6519 1.2083 1.9966 2.6706
9 3.968 4400 1.5648 -4.6147 1.3447 0.6780 1.2563 2.0805 2.7840
11 4.260 4700 1.6789 -5.5215 1.2221 0.6073 1.1211 1.8346 2.4317
11 4.260 4600 1.7106 -5.4602 1.2612 0.6308 1.1673 1.9227 2.5598
11 4.260 4500 1.7427 -5.3963 1.3065 0.6564 1.2163 2.0111 2.6865
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Table 2—Continued
M/M⊙ L/L⊙ Te (K) logP MV B − V
a V − Ra V − Ia V − Ja V −Ka
11 4.260 4400 1.7755 -5.3288 1.3588 0.6839 1.2681 2.1022 2.8131
11 4.260 4300 1.8081 -5.2585 1.4089 0.7119 1.3211 2.1934 2.9401
11 4.260 4200 1.8397 -5.1876 1.4581 0.7400 1.3742 2.2822 3.0624
11 4.260 4100 1.8720 -5.1140 1.5041 0.7689 1.4289 2.3714 3.1861
Z = 0.04, Y = 0.25
5 2.900 5700 0.4302 -2.4620 0.7063 0.4103 0.7492 1.1538 1.5315
5 2.900 5600 0.4570 -2.4402 0.7501 0.4310 0.7854 1.2115 1.6080
5 2.900 5500 0.4818 -2.4175 0.7923 0.4509 0.8205 1.2687 1.6843
5 2.900 5400 0.5071 -2.3921 0.8383 0.4720 0.8572 1.3283 1.7631
5 2.900 5300 0.5339 -2.3650 0.8851 0.4931 0.8941 1.3892 1.8430
5 2.900 5200 0.5613 -2.3358 0.9321 0.5140 0.9310 1.4506 1.9233
7 3.390 5300 0.8588 -3.5932 0.8975 0.4950 0.8958 1.3894 1.8385
7 3.390 5200 0.8853 -3.5627 0.9430 0.5159 0.9330 1.4538 1.9246
7 3.390 5100 0.9132 -3.5294 0.9909 0.5372 0.9708 1.5193 2.0113
7 3.390 5000 0.9423 -3.4907 1.0403 0.5597 1.0111 1.5914 2.1080
7 3.390 4900 0.9719 -3.4460 1.0830 0.5817 1.0519 1.6660 2.2125
7 3.390 4800 1.0015 -3.3965 1.1237 0.6048 1.0953 1.7442 2.3247
7 3.390 4700 1.0308 -3.3531 1.1835 0.6289 1.1378 1.8167 2.4156
9 3.750 5000 1.1887 -4.3744 0.9726 0.5472 1.0004 1.6019 2.1502
9 3.750 4900 1.2183 -4.3270 1.0251 0.5733 1.0478 1.6826 2.2616
9 3.750 4800 1.2478 -4.2791 1.0877 0.6013 1.0968 1.7624 2.3679
9 3.750 4700 1.2770 -4.2282 1.1545 0.6302 1.1474 1.8438 2.4741
9 3.750 4600 1.3071 -4.1783 1.2181 0.6574 1.1950 1.9213 2.5738
9 3.750 4500 1.3381 -4.1223 1.2825 0.6863 1.2464 2.0060 2.6835
11 4.040 4800 1.4305 -5.0212 1.1526 0.6089 1.1009 1.7526 2.3213
11 4.040 4700 1.4630 -4.8981 1.2099 0.6451 1.1712 1.8803 2.5061
11 4.040 4600 1.4945 -4.9014 1.2390 0.6607 1.1998 1.9290 2.5745
11 4.040 4500 1.5264 -4.8382 1.2929 0.6892 1.2526 2.0182 2.6976
11 4.040 4400 1.5585 -4.7695 1.3475 0.7190 1.3083 2.1112 2.8254
11 4.040 4300 1.5900 -4.6986 1.4023 0.7492 1.3649 2.2039 2.9514
11 4.040 4200 1.6224 -4.6270 1.4561 0.7803 1.4222 2.2953 3.0740
Z = 0.04, Y = 0.29
6 CONCLUSIONS 23
6 CONCLUSIONS 24
Table 2—Continued
M/M⊙ L/L⊙ Te (K) logP MV B − V
a V − Ra V − Ia V − Ja V −Ka
5 2.986 5800 0.4783 -2.6993 0.6883 0.3966 0.7227 1.1016 1.4554
5 2.986 5700 0.5033 -2.6805 0.7191 0.4134 0.7528 1.1538 1.5275
5 2.986 5600 0.5287 -2.6594 0.7573 0.4323 0.7864 1.2093 1.6022
5 2.986 5500 0.5546 -2.6361 0.7999 0.4523 0.8217 1.2668 1.6789
5 2.986 5400 0.5810 -2.6107 0.8446 0.4730 0.8578 1.3263 1.7574
5 2.986 5300 0.6079 -2.5830 0.8905 0.4939 0.8945 1.3873 1.8375
7 3.475 5300 0.9339 -3.8080 0.9059 0.4968 0.8980 1.3895 1.8355
7 3.475 5200 0.9626 -3.7754 0.9375 0.5144 0.9313 1.4554 1.9294
7 3.475 5100 0.9907 -3.7401 0.9724 0.5338 0.9681 1.5248 2.0286
7 3.475 5000 1.0200 -3.7001 1.0125 0.5555 1.0086 1.5984 2.1331
7 3.475 4900 1.0498 -3.6560 1.0560 0.5785 1.0509 1.6736 2.2385
7 3.475 4800 1.0794 -3.6071 1.1110 0.6042 1.0968 1.7516 2.3429
9 3.841 4900 1.2981 -4.5695 1.0863 0.5826 1.0549 1.6751 2.2241
9 3.841 4800 1.3285 -4.5198 1.1334 0.6068 1.1000 1.7555 2.3358
9 3.841 4700 1.3585 -4.4680 1.1883 0.6328 1.1473 1.8368 2.4456
9 3.841 4600 1.3894 -4.4122 1.2444 0.6597 1.1962 1.9205 2.5584
9 3.841 4500 1.4211 -4.3524 1.2991 0.6872 1.2467 2.0060 2.6741
9 3.841 4400 1.4527 -4.2908 1.3525 0.7149 1.2978 2.0908 2.7881
11 4.133 4700 1.5648 -5.1754 1.2397 0.6459 1.1680 1.8694 2.4729
11 4.133 4600 1.5961 -5.1380 1.2571 0.6624 1.2009 1.9288 2.5644
11 4.133 4500 1.6283 -5.0739 1.3082 0.6905 1.2535 2.0187 2.6897
11 4.133 4400 1.6593 -5.0053 1.3607 0.7198 1.3085 2.1112 2.8177
11 4.133 4300 1.6925 -4.9329 1.4132 0.7500 1.3656 2.2053 2.9474
11 4.133 4200 1.7257 -4.8584 1.4640 0.7808 1.4238 2.2992 3.0763
11 4.133 4100 1.7565 -4.7832 1.5122 0.8121 1.4821 2.3908 3.2016
aIntensity weighted mean colors.
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Table 3. Predicted intensity weighted Period-Luminosity-Color relations
Ya Zb αc βd γe σf
< MV >= α + β logP + γ(< B > − < V >)
0.25 0.004 -2.54 -3.52 2.79 0.04
±0.04e ±0.03 ±0.07
0.25 0.008 -2.63 -3.55 2.83 0.03
±0.04 ±0.03 ±0.06
0.26 0.01 -2.65 -3.66 2.95 0.05
±0.04 ±0.07 ±0.05
0.25 0.02 -2.83 -3.57 2.81 0.05
±0.05 ±0.05 ±0.09
0.26 0.02 -2.78 -3.59 2.77 0.04
±0.04 ±0.02 ±0.07
0.28 0.02 -2.98 -3.72 3.27 0.07
±0.07 ±0.10 ±0.18
0.31 0.02 -2.79 -3.79 3.10 0.03
±0.03 ±0.04 ±0.07
0.275 0.03 -3.04 -3.75 3.18 0.06
±0.06 ±0.07 ±0.13
0.31 0.03 -3.10 -3.81 3.34 0.06
±0.06 ±0.08 ±0.13
0.335 0.03 -3.06 -3.89 3.41 0.06
±0.07 ±0.12 ±0.22
0.25 0.04 -2.89 -3.56 2.72 0.07
±0.08 ±0.11 ±0.21
0.29 0.04 -3.32 -3.99 2.61 0.04
±0.04 ±0.09 ±0.16
0.33 0.04 -3.12 -3.76 3.24 0.14
±0.14 ±0.15 ±0.28
< MV >= α + β logP + γ(< V > − < R >)
0.25 0.004 -3.28 -3.57 6.93 0.03
±0.03 ±0.02 ±0.12
0.25 0.008 -3.31 -3.59 6.97 0.03
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Table 3—Continued
Ya Zb αc βd γe σf
±0.03 ±0.02 ±0.11
0.26 0.01 -3.25 -3.70 7.04 0.03
±0.03 ±0.02 ±0.09
0.25 0.02 -3.35 -3.65 6.79 0.03
±0.03 ±0.03 ±0.12
0.26 0.02 -3.33 -3.66 6.79 0.02
±0.02 ±0.02 ±0.10
0.28 0.02 -3.40 -3.62 7.09 0.04
±0.04 ±0.05 ±0.18
0.31 0.02 -3.31 -3.74 7.13 0.02
±0.02 ±0.02 ±0.08
0.275 0.03 -3.42 -3.70 6.66 0.03
±0.03 ±0.03 ±0.12
0.31 0.03 -3.39 -3.69 6.66 0.02
±0.02 ±0.02 ±0.06
0.335 0.03 -3.43 -3.72 6.87 0.02
±0.02 ±0.04 ±0.14
0.25 0.04 -3.39 -3.66 6.03 0.04
±0.04 ±0.06 ±0.25
0.29 0.04 -3.53 -3.74 6.55 0.02
±0.02 ±0.03 ±0.10
0.33 0.04 -3.44 -3.64 6.31 0.04
±0.04 ±0.03 ±0.12
< MV >= α + β logP + γ(< V > − < I >)
0.25 0.004 -3.55 -3.58 3.75 0.03
±0.03 ±0.03 ±0.07
0.25 0.008 -3.54 -3.59 3.74 0.03
±0.03 ±0.02 ±0.06
0.26 0.01 -3.46 -3.71 3.78 0.02
±0.02 ±0.02 ±0.04
0.25 0.02 -3.60 -3.67 3.81 0.02
±0.02 ±0.02 ±0.06
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Table 3—Continued
Ya Zb αc βd γe σf
0.26 0.02 -3.60 -3.68 3.83 0.02
±0.02 ±0.02 ±0.05
0.28 0.02 -3.61 -3.59 3.85 0.03
±0.03 ±0.04 ±0.09
0.31 0.02 -3.56 -3.73 3.94 0.02
±0.02 ±0.02 ±0.08
0.275 0.03 -3.50 -3.69 3.63 0.02
±0.02 ±0.02 ±0.05
0.31 0.03 -3.45 -3.65 3.58 0.01
±0.01 ±0.01 ±0.03
0.33 0.03 -3.49 -3.67 3.68 0.01
±0.01 ±0.02 ±0.05
0.25 0.04 -3.42 -3.69 3.38 0.03
±0.02 ±0.02 ±0.04
0.29 0.04 -3.47 -3.99 3.61 0.01
±0.01 ±0.02 ±0.04
0.33 0.04 -3.38 -3.61 3.39 0.02
±0.02 ±0.01 ±0.03
< MV >= α + β logP + γ(< V > − < J >)
0.25 0.004 -3.47 -3.60 2.26 0.03
±0.03 ±0.03 ±0.04
0.25 0.008 -3.40 -3.60 2.20 0.03
±0.03 ±0.02 ±0.04
0.26 0.01 -3.26 -3.74 2.18 0.01
±0.01 ±0.01 ±0.01
0.25 0.02 -3.26 -3.73 2.12 0.01
±0.01 ±0.01 ±0.01
0.26 0.02 -3.26 -3.74 2.13 0.01
±0.01 ±0.01 ±0.02
0.28 0.02 -3.29 -3.59 2.11 0.03
±0.04 ±0.04 ±0.05
0.31 0.02 -3.17 -3.72 2.12 0.01
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Table 3—Continued
Ya Zb αc βd γe σf
±0.01 ±0.01 ±0.02
0.275 0.03 -3.20 -3.73 2.08 0.01
±0.01 ±0.01 ±0.01
0.31 0.03 -3.18 -3.71 2.08 0.02
±0.02 ±0.02 ±0.02
0.335 0.03 -3.17 -3.68 2.08 0.01
±0.01 ±0.02 ±0.03
0.25 0.04 -3.22 -3.78 2.06 0.02
±0.02 ±0.04 ±0.05
0.29 0.04 -3.21 -3.74 2.09 0.01
±0.02 ±0.01 ±0.02
0.33 0.04 -3.18 -3.70 2.08 0.03
±0.03 ±0.03 ±0.03
< MV >= α+ β logP + γ(< V > − < K >)
0.25 0.004 -3.44 -3.61 1.64 0.04
±0.04 ±0.03 ±0.03
0.25 0.008 -3.37 -3.60 1.61 0.03
±0.04 ±0.03 ±0.03
0.26 0.01 -3.20 -3.74 1.58 0.01
±0.01 ±0.01 ±0.01
0.25 0.02 -3.22 -3.76 1.57 0.01
±0.01 ±0.02 ±0.01
0.26 0.02 -3.24 -3.76 1.59 0.02
±0.02 ±0.02 ±0.02
0.28 0.02 -3.25 -3.55 1.53 0.04
±0.04 ±0.05 ±0.04
0.31 0.02 -3.13 -3.69 1.54 0.02
±0.02 ±0.02 ±0.02
0.275 0.03 -3.13 -3.70 1.51 0.01
±0.01 ±0.02 ±0.01
0.31 0.03 -3.10 -3.67 1.50 0.04
±0.02 ±0.03 ±0.02
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Table 3—Continued
Ya Zb αc βd γe σf
0.335 0.03 -3.08 -3.61 1.48 0.02
±0.02 ±0.03 ±0.03
0.25 0.04 -3.17 -3.80 1.53 0.02
±0.02 ±0.03 ±0.03
0.29 0.04 -3.12 -3.69 1.50 0.02
±0.01 ±0.02 ±0.02
0.33 0.04 -3.10 -3.65 1.50 0.02
±0.04 ±0.04 ±0.04
aHelium content.
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Table 4. Predicted intensity weighted Wesenheit relations
Ya Zb αc βd σe
< MV > −3.30[< B > − < V >] = α + β logP
0.26 0.01 -2.68 -3.74 0.05
±0.05 ±0.02
0.25 0.02 -2.96 -3.70 0.06
±0.06 ±0.03
0.26 0.02 -2.92 -3.73 0.05
±0.05 ±0.03
0.275 0.03 -3.01 -3.71 0.06
±0.06 ±0.03
0.335 0.03 -2.93 -3.73 0.07
± 0.07 ±0.04
0.25 0.04 -3.10 -3.75 0.0.07
±0.07 ±0.04
0.29 0.04 -3.07 -3.71 0.05
±0.05 ±0.02
< MV > −5.29[< V > − < R >] = α + β logP
0.26 0.01 -3.09 -3.56 0.05
±0.05 ±0.02
0.25 0.02 -3.21 -3.55 0.03
±0.03 ±0.01
0.26 0.02 -3.21 -3.56 0.03
±0.03 ±0.02
0.275 0.03 -3.32 -3.62 0.03
±0.03 ±0.01
0.335 0.03 -3.29 -3.58 0.01
±0.03 ± 0.01
0.25 0.04 -3.46 -3.73 0.03
±0.03 ±0.01
0.29 0.04 -3.45 -3.67 0.02
±0.02 ±0.008
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Table 4—Continued
Ya Zb αc βd σe
< MV > −1.52[< V > − < I >] = α + β logP
0.26 0.01 -2.91 -3.25 0.12
±0.12 ±0.05
0.25 0.02 -2.93 -3.20 0.10
±0.10 ±0.05
0.26 0.02 -2.94 -3.24 0.11
±0.11 ±0.05
0.275 0.03 -2.92 -3.23 0.08
±0.08 ±0.04
0.335 0.03 -2.93 -3.17 0.07
±0.07 ±0.04
0.25 0.04 -2.89 -3.35 0.06
±0.06 ±0.03
0.29 0.04 -2.96 -3.24 0.06
±0.06 ±0.03
< MV > −0.33[< V > − < J >] = α + β logP
0.26 0.01 -2.72 -3.22 0.13
±0.13 ±0.06
0.25 0.02 -2.68 -3.23 0.10
±0.10 ±0.05
0.26 0.02 -2.70 -3.26 0.10
±0.10 ±0.05
0.275 0.03 -2.65 -3.21 0.09
±0.09 ±0.04
0.335 0.03 -2.67 -3.15 0.08
± 0.08 ±0.04
0.25 0.04 -2.59 -3.30 0.07
±0.07 ±0.04
0.29 0.04 -2.68 -3.17 0.07
±0.03 ±0.07
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Table 4—Continued
Ya Zb αc βd σe
< MV > −0.10[< V > − < K >] = α+ β logP
0.26 0.01 -2.79 -3.33 0.10
±0.1 ±0.04
0.25 0.02 -2.76 -3.34 0.08
±0.08 ±0.04
0.26 0.02 -2.78 -3.36 0.09
±0.09 ±0.04
0.275 0.03 -2.73 -3.32 0.07
±0.07 ±0.03
0.335 0.03 -2.75 -3.25 0.06
±0.06 ±0.03
0.25 0.04 -2.67 -3.40 0.06
±0.06 ±0.03
0.29 0.04 -2.75 -3.28 0.05
±0.05 ±0.02
aHelium content.
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Table 5. Theoretical PL relations for fundamental pulsators. Quadratic solutions:
Mλ = a + b logP + c(logP )
2.
Za Yb ac bd ce
MB
0.004 0.25 -0.01±0.06 -4.81±0.10 1.14±0.06
0.008 0.25 -0.21±0.06 -4.17±0.13 0.94±0.06
0.01 0.26 0.29±0.09 -4.91±0.19 1.30±0.09
0.02 0.25 -0.38±0.06 -3.15±0.13 0.62±0.07
0.02 0.26 -0.08±0.06 -4.06±0.14 0.98±0.07
0.02 0.28 -0.93±0.04 -2.43±0.09 0.39±0.04
0.02 0.31 -0.66±0.06 -3.00±0.10 0.54±0.06
0.03 0.275 -0.51±0.05 -2.61±0.11 0.41±0.06
0.03 0.31 -0.88±0.06 -2.05±0.12 0.27±0.05
0.03 0.335 -0.59±0.05 -2.64±0.10 0.48±0.04
0.04 0.25 -0.44±0.04 -2.44±0.12 0.32±0.06
0.04 0.29 -0.38±0.06 -3.15±0.13 0.62±0.07
0.04 0.33 -0.63±0.04 -2.40±0.08 0.40±0.04
MV
0.004 0.25 -0.69±0.04 -4.43±0.10 0.81±0.05
0.008 0.25 -0.86±0.04 -3.98±0.09 0.67±0.05
0.01 0.26 -0.45±0.07 -4.61±0.14 0.96±0.07
0.02 0.25 -1.00±0.04 -3.32±0.10 0.46±0.05
0.02 0.26 -0.78±0.04 -3.99±0.10 0.73±0.05
0.02 0.28 -1.41±0.03 -2.75±0.07 0.30±0.03
0.02 0.31 -1.18±0.05 -3.20±0.10 0.40±0.05
0.03 0.275 -1.11±0.04 -2.94±0.09 0.33±0.05
0.03 0.31 -1.36±0.04 -2.54±0.09 0.24±0.04
0.03 0.335 -1.10±0.04 -3.01±0.07 0.39±0.03
0.04 0.25 -1.06±0.04 -2.83±0.09 0.26±0.05
0.04 0.29 -0.86±0.04 -3.98±0.09 0.67±0.05
0.04 0.33 -1.22±0.03 -2.79±0.06 0.34±0.03
MR
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Table 5—Continued
Za Yb ac bd ce
0.004 0.25 -1.08±0.04 -4.28±0.08 0.67±0.04
0.008 0.25 -1.22±0.04 -3.91±0.08 0.56±0.04
0.01 0.26 -0.85±0.06 -4.47±0.12 0.81±0.06
0.02 0.25 -1.35±0.04 -3.37±0.09 0.40±0.04
0.02 0.26 -1.15±0.04 -3.95±0.09 0.62±0.05
0.02 0.28 -1.69±0.03 -2.88±0.06 0.26±0.03
0.02 0.31 -1.48±0.04 -3.28±0.08 0.34±0.04
0.03 0.275 -1.47±0.04 -3.06±0.08 0.28±0.04
0.03 0.31 -1.67±0.04 -2.71±0.07 0.20±0.03
0.03 0.335 -1.43±0.03 -3.14±0.06 0.33±0.03
0.04 0.25 -1.45±0.03 -2.98±0.07 0.22±0.04
0.04 0.29 -1.59±0.02 -2.93±0.06 0.29±0.03
0.04 0.33 -1.53±0.02 -2.92±0.04 0.25±0.02
MI
0.004 0.24 -1.48±0.03 -4.16±0.07 0.56±0.03
0.008 0.24 -1.59±0.03 -3.84±0.07 0.47±0.03
0.01 0.26 -1.26±0.05 -4.34±0.10 0.69±0.05
0.02 0.25 -1.69±0.03 -3.42±0.08 0.34±0.04
0.02 0.26 -1.51±0.03 -3.92±0.08 0.54±0.04
0.02 0.28 -1.98±0.02 -2.99±0.05 0.23±0.02
0.02 0.31 -1.78±0.03 -3.35±0.07 0.30±0.03
0.03 0.275 -1.79±0.03 -3.13±0.07 0.24±0.03
0.03 0.31 -1.96±0.03 -2.83±0.06 0.16±0.03
0.03 0.335 -1.73±0.03 -3.21±0.05 0.28±0.02
0.04 0.25 -1.77±0.03 -3.08±0.06 0.18±0.03
0.04 0.29 -1.91±0.02 -3.02±0.05 0.23±0.02
0.04 0.33 -1.84±0.02 -3.00±0.03 0.20±0.02
MJ
0.004 0.24 -1.97±0.02 -3.97±0.05 0.40±0.02
0.008 0.24 -2.04±0.02 -3.73±0.05 0.33±0.02
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Table 5—Continued
Za Yb ac bd ce
0.01 0.26 -1.78±0.03 -4.12±0.07 0.48±0.04
0.02 0.25 -2.10±0.02 -3.45±0.05 0.21±0.03
0.02 0.26 -1.98±0.02 -3.80±0.05 0.35±0.03
0.02 0.28 -2.32±0.01 -3.08±0.03 0.12±0.02
0.02 0.31 -2.15±0.02 -3.37±0.05 0.17±0.02
0.03 0.275 -2.17±0.02 -3.25±0.05 0.15±0.03
0.03 0.31 -2.27±0.02 -3.02±0.04 0.09±0.02
0.03 0.335 -2.07±0.02 -3.32±0.04 0.17±0.02
0.04 0.25 -2.12±0.02 -3.24±0.04 0.10±0.02
0.04 0.29 -2.25±0.02 -3.17±0.04 0.15±0.02
0.04 0.33 -2.17±0.01 -3.15±0.02 0.12±0.01
MK
0.004 0.24 -2.42±0.01 -3.81±0.03 0.26±0.01
0.008 0.24 -2.45±0.01 -3.65±0.03 0.21±0.01
0.01 0.26 -2.25±0.02 -3.94±0.05 0.30±0.02
0.02 0.25 -2.47±0.01 -3.48±0.03 0.12±0.02
0.02 0.26 -2.39±0.01 -3.72±0.03 0.21±0.02
0.02 0.28 -2.63±0.01 -3.19±0.02 0.06±0.01
0.02 0.31 -2.48±0.01 -3.43±0.03 0.10±0.01
0.03 0.275 -2.53±0.02 -3.33±0.04 0.07±0.02
0.03 0.31 -2.59±0.01 -3.15±0.03 0.01±0.01
0.03 0.335 -2.40±0.01 -3.39±0.02 0.07±0.01
0.04 0.25 -2.47±0.01 -3.35±0.03 0.04±0.02
0.04 0.29 -2.60±0.01 -3.26±0.03 0.07±0.01
0.04 0.33 -2.51±0.01 -3.23±0.01 0.04±0.01
aHelium content.
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Table 6. Theoretical PL relations for fundamental pulsators. Linear solutions:
Mλ = a+ b logP .
Za Yb ac bd σe
MB
0.004 0.25 -1.07±0.02 -2.49±0.02 0.27
0.008 0.25 -1.08±0.02 -2.24±0.02 0.28
0.01 0.26 -0.94±0.03 -2.24±0.03 0.35
0.02 0.25 -0.86±0.02 -1.98±0.02 0.27
0.02 0.26 -0.84±0.02 -2.22±0.02 0.28
0.02 0.28 -1.28±0.02 -1.64±0.02 0.22
0.02 0.31 -1.17±0.02 -1.88±0.02 0.25
0.03 0.275 -0.86±0.02 -1.81±0.02 0.24
0.03 0.31 -1.14±0.02 -1.48±0.02 0.24
0.03 0.335 -1.09±0.02 -1.60±0.02 0.18
0.04 0.25 -0.68±0.02 -1.85±0.02 0.22
0.04 0.29 -0.96±0.01 -1.61±0.01 0.18
0.04 0.33 -0.94±0.01 -1.64±0.01 0.13
MV
0.004 0.25 -1.44±0.02 -2.79±0.02 0.20
0.008 0.25 -1.48±0.02 -2.60±0.02 0.20
0.01 0.26 -1.35±0.02 -2.64±0.02 0.26
0.02 0.25 -1.37±0.02 -2.43±0.02 0.20
0.02 0.26 -1.34±0.02 -2.62±0.02 0.21
0.02 0.28 -1.68±0.01 -2.15±0.01 0.16
0.02 0.31 -1.56±0.01 -2.37±0.01 0.19
0.03 0.275 -1.39±0.01 -2.29±0.02 0.19
0.03 0.31 -1.59±0.01 -2.04±0.01 0.18
0.03 0.335 -1.51±0.01 -2.17±0.01 0.14
0.04 0.25 -1.26±0.01 -2.34±0.01 0.17
0.04 0.29 -1.50±0.01 -2.13±0.01 0.14
0.04 0.33 -1.46±0.01 -2.16±0.01 0.10
MR
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Table 6—Continued
Za Yb ac bd σe
0.004 0.25 -1.71±0.01 -2.90±0.01 0.17
0.008 0.25 -1.74±0.01 -2.75±0.01 0.17
0.01 0.26 -1.62±0.02 -2.80±0.02 0.22
0.02 0.25 -1.66±0.01 -2.62±0.01 0.17
0.02 0.26 -1.63±0.01 -2.78±0.02 0.18
0.02 0.28 -1.92±0.01 -2.36±0.01 0.14
0.02 0.31 -1.81±0.01 -2.56±0.01 0.16
0.03 0.275 -1.71±0.01 -2.50±0.01 0.16
0.03 0.31 -1.86±0.01 -2.29±0.01 0.16
0.03 0.335 -1.77±0.01 -2.41±0.01 0.12
0.04 0.25 -1.90±0.01 -2.75±0.01 0.12
0.04 0.29 -1.83±0.01 -2.36±0.01 0.12
0.04 0.33 -1.78±0.01 -2.39±0.01 0.09
MI
0.004 0.25 -2.00±0.01 -3.00±0.01 0.14
0.008 0.25 -2.03±0.01 -2.88±0.01 0.14
0.01 0.26 -1.91±0.02 -2.93±0.02 0.19
0.02 0.25 -1.96±0.01 -2.76±0.01 0.15
0.02 0.26 -1.93±0.01 -2.90±0.01 0.15
0.02 0.28 -2.18±0.01 -2.53±0.01 0.12
0.02 0.31 -2.07±0.01 -2.72±0.01 0.14
0.03 0.275 -1.99±0.01 -2.66±0.01 0.14
0.03 0.31 -2.12±0.01 -2.48±0.01 0.13
0.03 0.335 -2.02±0.01 -2.61±0.01 0.10
0.04 0.25 -1.90±0.01 -2.75±0.01 0.12
0.04 0.29 -2.10±0.01 -2.55±0.01 0.11
0.04 0.33 -2.03±0.01 -2.58±0.01 0.07
MJ
0.004 0.25 -2.34±0.01 -3.15±0.01 0.10
0.008 0.25 -2.35±0.01 -3.06±0.01 0.10
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Table 6—Continued
Za Yb ac bd σe
0.01 0.26 -2.23±0.01 -3.15±0.01 0.13
0.02 0.25 -2.27±0.01 -3.05±0.01 0.10
0.02 0.26 -2.25±0.01 -3.14±0.01 0.11
0.02 0.28 -2.43±0.01 -2.84±0.01 0.08
0.02 0.31 -2.32±0.01 -3.01±0.01 0.09
0.03 0.275 -2.29±0.01 -2.96±0.01 0.11
0.03 0.31 -2.36±0.01 -2.84±0.01 0.09
0.03 0.335 -2.24±0.01 -2.97±0.01 0.07
0.04 0.25 -2.20±0.01 -3.05±0.01 0.08
0.04 0.29 -2.38±0.01 -2.87±0.01 0.08
0.04 0.33 -2.29±0.01 -2.90±0.01 0.05
MK
0.004 0.25 -2.66±0.01 -3.29±0.01 0.07
0.008 0.25 -2.65±0.01 -3.23±0.01 0.07
0.01 0.26 -2.53±0.01 -3.33±0.01 0.09
0.02 0.25 -2.57±0.01 -3.26±0.01 0.07
0.02 0.26 -2.55±0.01 -3.32±0.01 0.07
0.02 0.28 -2.68±0.01 -3.08±0.01 0.05
0.02 0.31 -2.57±0.01 -3.22±0.01 0.06
0.03 0.275 -2.59±0.01 -3.19±0.01 0.08
0.03 0.31 -2.60±0.01 -3.12±0.01 0.06
0.03 0.335 -2.47±0.01 -3.24±0.01 0.05
0.04 0.25 -2.50±0.01 -3.28±0.01 0.05
0.04 0.29 -2.66±0.01 -3.12±0.01 0.06
0.04 0.33 -2.56±0.01 -3.14±0.01 0.03
aHelium content.
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Table 7. Theoretical PL relations for fundamental pulsators. Linear solutions for
logP ≤ 1.5: Mλ = a + b logP .
Za Yb ac bd σe
MB
0.004 0.25 -0.90±0.03 -2.71±0.02 0.24
0.008 0.25 -0.93±0.03 -2.44±0.02 0.25
0.01 0.26 -0.75 ± 0.03 -2.48 ± 0.03 0.35
0.02 0.25 -0.81 ± 0.02 -2.06 ± 0.02 0.27
0.02 0.26 -0.74 ± 0.02 -2.36 ± 0.03 0.27
0.02 0.28 -1.21± 0.02 -1.73±0.02 0.19
0.02 0.31 -1.08± 0.02 -2.00±0.02 0.13
0.03 0.275 -0.78 ± 0.02 -1.91 ± 0.02 0.23
0.03 0.31 -1.08 ± 0.02 -1.55±0.02 0.23
0.03 0.335 -0.99 ± 0.02 -1.73 ± 0.02 0.17
0.04 0.25 -0.64 ± 0.02 -1.90 ± 0.02 0.22
0.04 0.29 -0.90 ± 0.01 -1.70 ± 0.02 0.17
0.04 0.33 -0.85 ± 0.01 -1.76± 0.01 0.12
MV
0.004 0.25 -1.32±0.02 -2.94±0.02 0.17
0.008 0.25 -1.37±0.02 -2.75±0.02 0.18
0.01 0.26 -1.21±0.02 -2.81±0.02 0.26
0.02 0.25 -1.33±0.02 -2.49±0.02 0.20
0.02 0.26 -1.27 ± 0.02 -2.72 ± 0.02 0.20
0.02 0.28 -1.62± 0.01 -2.22±0.01 0.14
0.02 0.31 -1.50± 0.02 -2.45±0.02 0.17
0.03 0.275 -1.33 ± 0.02 -2.37 ± 0.02 0.17
0.03 0.31 -1.54± 0.01 -2.10 ± 0.01 0.17
0.03 0.335 -1.42±0.01 -2.27±0.01 0.13
0.04 0.25 -1.23±0.01 -2.39±0.02 0.16
0.04 0.29 -1.45±0.01 -2.20±0.01 0.13
0.04 0.33 -1.38±0.01 -2.26±0.01 0.09
MR
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Table 7—Continued
Za Yb ac bd σe
0.004 0.25 -1.61±0.02 -3.03±0.01 0.15
0.008 0.25 -1.65±0.02 -2.87±0.01 0.16
0.01 0.26 -1.50±0.02 -2.95±0.02 0.22
0.02 0.25 -1.62±0.01 -2.67±0.01 0.17
0.02 0.26 -1.57±0.01 -2.87±0.02 0.17
0.02 0.28 -1.87±0.01 -2.42±0.01 0.12
0.02 0.31 -1.75±0.01 -2.64±0.02 0.15
0.03 0.275 -1.66±0.01 -2.57±0.02 0.16
0.03 0.31 -1.82±0.01 -2.34±0.01 0.15
0.03 0.335 -1.70±0.01 -2.50±0.01 0.11
0.04 0.25 -1.59±0.01 -2.61±0.01 0.14
0.04 0.29 -1.79±0.01 -2.43±0.01 0.12
0.04 0.33 -1.71±0.01 -2.48±0.01 0.08
MI
0.004 0.25 -1.92±0.01 -3.11±0.01 0.12
0.008 0.25 -1.95±0.01 -2.98±0.01 0.13
0.01 0.26 -1.81±0.02 -3.06±0.02 0.19
0.02 0.25 -1.93±0.01 -2.81±0.01 0.15
0.02 0.26 -1.88±0.01 -2.98±0.01 0.14
0.02 0.28 -2.14±0.01 -2.58±0.01 0.10
0.02 0.31 -2.02±0.01 -2.78±0.01 0.13
0.03 0.275 -1.95±0.01 -2.72±0.01 0.14
0.03 0.31 -2.08±0.01 -2.53±0.01 0.12
0.03 0.335 -1.96±0.01 -2.68±0.01 0.09
0.04 0.25 -1.88±0.01 -2.78±0.01 0.12
0.04 0.29 -2.06±0.01 -2.61±0.01 0.10
0.04 0.33 -1.98±0.01 -2.65±0.01 0.06
MJ
0.004 0.25 -2.28±0.01 -3.23±0.01 0.09
0.008 0.25 -2.29±0.01 -3.13±0.01 0.10
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Table 7—Continued
Za Yb ac bd σe
0.01 0.26 -2.16±0.01 -3.24±0.01 0.13
0.02 0.25 -2.25±0.01 -3.07±0.01 0.10
0.02 0.26 -2.21±0.01 -3.19±0.01 0.10
0.02 0.28 -2.41±0.01 -2.87±0.01 0.07
0.02 0.31 -2.29±0.01 -3.05±0.01 0.09
0.03 0.275 -2.26±0.01 -3.00±0.01 0.10
0.03 0.31 -2.34±0.01 -2.87±0.01 0.09
0.03 0.335 -2.20±0.01 -3.01±0.01 0.07
0.04 0.25 -2.19±0.01 -3.07±0.01 0.08
0.04 0.29 -2.35±0.01 -2.91±0.01 0.08
0.04 0.33 -2.26±0.01 -2.94±0.01 0.04
MK
0.004 0.25 -2.61±0.01 -3.33±0.01 0.06
0.008 0.25 -2.61±0.01 -3.27±0.01 0.06
0.01 0.26 -2.48±0.01 -3.38±0.01 0.09
0.02 0.25 -2.56±0.01 -3.27±0.01 0.07
0.02 0.26 -2.53±0.01 -3.35±0.01 0.07
0.02 0.28 -2.67±0.01 -3.09±0.01 0.04
0.02 0.31 -2.55±0.01 -3.24±0.01 0.06
0.03 0.275 -2.57±0.01 -3.21±0.01 0.07
0.03 0.31 -2.60±0.01 -3.12±0.01 0.05
0.03 0.335 -2.46±0.01 -3.26±0.01 0.04
0.04 0.25 -2.50±0.01 -3.29±0.01 0.05
0.04 0.29 -2.64±0.01 -3.14±0.01 0.06
0.04 0.33 -2.54±0.01 -3.16±0.01 0.03
aHelium content.
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Table 8: Empirical and theoretical PL relations for LMC Cepheids with the break at
logP = 1
Sample Band slope zero point
logP < 1.0 logP > 1.0 logP < 1.0 logP > 1.0
S04 B −2.68± 0.08 −2.15± 0.13 −0.99 ± 0.05 −1.40± 0.18
Z = 0.004 B −3.09± 0.04 −2.04± 0.11 −0.64 ± 0.03 −1.68± 0.13
Z = 0.008 B −2.75± 0.05 −1.84± 0.11 −0.72 ± 0.03 −1.64± 0.14
S04 V −2.96± 0.06 −2.57± 0.10 −1.33 ± 0.04 −1.63± 0.13
Z = 0.004 V −3.21± 0.03 −2.47± 0.08 −1.13 ± 0.02 −1.87± 0.10
Z = 0.008 V −2.97± 0.03 −2.32± 0.08 −1.22 ± 0.02 −1.87± 0.10
S04 I −3.10± 0.04 −2.82± 0.08 −1.85 ± 0.02 −2.08± 0.11
Z = 0.004 I −3.30± 0.02 −2.79± 0.05 −1.79 ± 0.02 −2.30± 0.07
Z = 0.008 I −3.13± 0.02 −2.68± 0.05 −1.84 ± 0.02 −2.30± 0.07
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Fig. 1.— The theoretical instability strip as a function of metallicity for two different
assumptions on the ∆Y/∆Z ratio.
Fig. 2.— The theoretical instability strip as a function of the helium abundance for three
different assumptions on the metal content.
Fig. 3a.— Bolometric light curves of models with Z = 0.01, Y = 0.26. The mass
and luminosity values are labeled in the first column plots, whereas the model effective
temperature and period is reported in each panel;
Fig. 3b.— The same as Fig. 3a but for Z=0.02 Y=0.25
Fig. 3c.— The same as Fig. 3a but for Z=0.02 Y=0.26
Fig. 3d.— The same as Fig. 3a but for Z=0.03 Y=0.275
Fig. 3e.— The same as Fig. 3a but for Z=0.03 Y=0.335
Fig. 3f.— The same as Fig. 3a but for Z=0.04 Y=0.25
Fig. 3g.— The same as Fig. 3a but for Z=0.04 Y=0.29
Fig. 4.— Enlarged portion of the light curve atlas reported in the previous figures for model
sets showing evidence of the HP phenomenon. The chemical composition is reported in the
first column plots, together with the luminosity level.
Fig. 5.— Synthetic multiband PL relations at varying the chemical composition (see text for
details). The solid and dashed lines represent the linear and quadratic regression respectively.
Fig. 6.— Comparison between theoretical PL relations with the break at logP = 1 and
LMC Cepheids by S04. Dots represent the OGLE sample and open circles a sample of longer
period Cepheids (see text for details). Solid lines show the fits for logP < 1.0 and logP > 1.0
obtained by S04, whereas short and long dashed lines represent the theoretical PL relations
for Z = 0.004 and Z = 0.008 respectively.
Fig. 7.— Comparison between theoretical PL relations and the S04 Galactic sample.
Open and filled circles represent the S04 sample with distances from Baade-Becker-Wesselink
expansion parallaxes and cluster/associations Cepheids respectively. The solid line represents
the S04 fit (see text for details), the long dashed line is our PL relation (for logP ≤ 1.5)
for Z = 0.01 and Y = 0.26 and the other lines are the PL relations (for logP ≤ 1.5) for
Z = 0.02 and different values of the Helium content (see labels).
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Fig. 8.— Comparison between the predicted V (lower panel) and K (upper panel) PL
relations at Z = 0.02, and the labeled helium abundances, and the interferometric results
by Kervella et al. (see text for details). The solid line is the empirical linear regression to
the data.
Fig. 9.— The same as in Fig. 6 but with the theoretical PL relations for Z = 0.02, Y = 0.28
and Z = 0.01, Y = 0.26.
Fig. 10.— Upper panel: predicted mean metallicity correction for the labeled ∆Y/∆Z
ratios and periods longer than 10 days; Lower panel: the same but for periods longer than
20 days.
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